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Abstract  
Generally, the flexible polyurethane foams were synthesized by mainly petroleum-based polyols. In this present study, Caradol 
SA34-05 (petroleum-based polyol) was replaced by Emerox® 14001 (natural oil-based polyol) with 0-50 wt% replacement to 
prepare flexible polyurethane foam by one shot method. The NCO index (NCO equivalent/OH equivalent) was fixed at 1.00. The 
characteristic times such as cream time, gel time, rise time and tack free time were followed during cup test. The physical 
properties were characterized and studied by Fourier transform infrared spectroscopy (FTIR), Scanning electron microscopy 
(SEM), and foam density. The tensile and compression properties were investigated by UTM machine. The results show that the 
foam density decreased with increasing Emerox® 14001 contents up to 20 wt% replacement and then decreased. This trandency 
was similar to tensile modulus, compressive modulus and compressive strength results. The cell size of foams was important 
parameter to control their properties. However, tensile strength and elongation at break were enhanced by the addition of 
Emerox® 14001 at 20 wt% contents replacement and then decreased at higher content. Both parameters rely on balance between 
urethane linkages and urea microdomain and/or polyurea ball contents(urea aggregate), which were rapidly generated by 
isocyanate group and water. The increased Emerox® 14001 contents required more isocyanate. As a result, more urea 
microdomain were produced leading to the decreasing of tensile strength and elongation at break. Moreover, the compression set 
of the foams was dependent upon amount of urea linkages which was generated from the reaction of isocyanate group and water. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
  Polyurethanes (PUs) have been enormously used in commercial applications such as flexible, semi-flexible and 
rigid foams, coatings, adhesives, sealants, elastomers and resins [1]. Flexible polyurethane foams (PUFs) have the 
largest market of all polyurethane product. It has many applications such as seat cushioning, bumpers, sound 
insulation, etc. [2]. Synthesis of the PUFs were involved two main reactions such as gelling and blowing reaction. 
The gelling reaction is related to generating of the urethane linkages which were created from isocyanate group and 
hydroxyl group. The blowing reaction is the reaction that creating of air bubbles entrapped inside the reactive 
mixture. The arising of air bubbles can generating with blowing agent consist of two types are physical and 
chemical blowing agent. The physical blowing agent can generate cellular structure by evaporation when they 
contact with the heat from exothermic reaction. Example of physical blowing agent are hydrochlorofluorocarbon 
(HCFCs) and chlorofluorocarbon (CFCs). Recently, the development of foams with CFCs seriously reduced cause 
ozone depletion in the stratosphere [3]. The chemical blowing agents such water is widely used due to it is 
environmentally friendly reagent and it can produce cellular structure by reacts with isocyanate group to obtain 
carbon dioxide and urea linkages.Currently, many people in the world numerously concern about environmental 
problems in materials production. Subsequently, it is considerably encouraged of researcher to develop alternative 
materials. The environmentally friendly materials and/or materials based on renewable resource become one of the 
most attractive choices. Majorly components for synthesize of PUFs were produced from petroleum oil as the 
feedstock. Therefore, the fluctuation in prices of petroleum feedstock dangerously affected the price of raw 
materials for the industries [4].  
  Renewable resource such as natural oil-based polyols were widely used to prepare PUFs, for example, soybean 
oil [5], palm oil [6-7], castor oil [8-9] and rapeseed oil [10]. On the other hand, the properties of PUFs that produced 
from natural oil-based polyol were uncertain. Some nature oils can produced in small scale and they must compete 
between food industrials and petrochemical industrials. Therefore, this research selected the natural oil-based polyol 
that is available in industrials scale to study of their effect on properties of PUFs. 
  This research aims to study the effect of natural oil based polyols on the characteristic times, cell sizes, foam 
density, tensile and compression properties as well as compression set of PUFs. The PUFs were synthesized by one 
short method using distilled water as blowing agent. 2,4-Toluene diisocyanate (TDI-80) was used as isocyanate and 
the NCO index was fixed at 1.00.Materials and Methods 
2. Materials and Methods 
2.1 Materials 
  Natural oil based polyol is EMEROX® 14001 (EM-14001) which has hydroxyl value of 59mg KOH/g, 
functionality (fn) of 3.5 and viscosity 
CARADOL SA34-05 (C.SA34-05) is ethylene oxide capped polyether polyol which was used as petroleum based 
polyol. It has hydroxyl value of 34 mg KOH/g, fn = 3.0 and viscosity of 272 mPa s at 25qC. It was provided from 
Shell Chemicals Company. The TDI-80 is used in this research. The TDI-80 is the mixture of 80 % by weight 2,4-
Toluene diisocyanate and 20 % by weight of 2,6- Toluene diisocyanate. The TDI-80 was supplied by Sigma Aldrich 
Company. The percentage of isocyanate is at 48.1% per mole of TDI. Triethlylenediamine (TEGOAMIN 33) was 
used as gelling catalyst and was provided from Rhein Chemie Company. Polyether-modified polysiloxane 
(TPGAOSTAB B87385 LF2) was surfactant and was provided from Evonik Company. Distilled water was used as a 
chemical blowing agent. 
2.2 Preparation of flexible polyurethane foam  
Flexible polyurethane foam was synthesized by one-shot method. Polyol and all chemicals e.g. gelling catalyst, 
surfactant and blowing agent were mixed in a plastic cup for 5 min using mechanical stirrer at 2,000 rpm. Then, 
TDI-80 was quickly added into the mixture and mixed further for 5 sec at the same rate. After that, the mixture was 
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poured into an open mold (240 x 170 x 80 mm3). The foam was expanded looking like foam cake. It was then cured 
at 60qC in hot air oven for 24 h. The NCO index (NCO equivalent/OH equivalent) was fixed at 1.00. The 



















PUF0 100 0 
1.60 2.00 2.20 
26.65 
PUF10 90 10 27.04 
PUF20 80 20 27.43 
PUF30 70 30 27.82 
PUF40 60 40 28.21 
PUF50 50 50 28.59 
pphp: part per hundred polyol 
2.3 Charecterization 
2.3.1 Functional groups 
    Starting materials i.e. C.SA34-05, EM-14001 and PUFs were characterized using Fourier transform 
infrared spectrometer (FTIR) on a FTIR VERTEX 70. Samples were scanned over a wavenumber range of between 
4,000 – 600 cm-1 
2.3.2 Characteristic times 
    Characteristic times was measured according to ASTM D7487-13. The parameters such as cream time, gel 
time, rise time and tack free time were followed during preparation of PUF by cup test.Morphological Investigation 
2.3.3 Morphology 
    The cell morphology was observed under scanning electron microscope (SEM, HITACHI TM3030), 
samples were gold sputtered before they were scanned. Cell size distribution of PUFs were measured by 
IMAGEJ.Melt Strength 
 2.3.4 Foam density 
    Density of PUF was measured according to ASTM D3574-11 test A with sample size of 50 x 50 x 25 mm3 
(width x length x thickness). Measurement were proceed five times per sample and average value was reported. 
 2.3.5 Compression properties 
    Compression properties of PUFs were investigated according to ASTM D3574-11 test C with sample size 
50 x 50 x 25 mm3 (width x length x thickness). The samples were compressed to 50% of its original height at a 
speed of 50 ± 5 mm/min by UTM machine. 
 2.3.6 Tensile properties  
    Tensile properties of PUFs were investigated according to ASTM D3574-11 test E. Samples were stamped 
out with a die cut follow ASTM D412. Tensile strength, modulus and elongation at break was recorded by using 
UTM machine. The test was run at a speed of 500 ± 50 mm/min. 
 2.3.7 Compression set 
    Compression set of PUFs were investigated according to ASTM D3574-11 test D with sample size of50 x 
50 x 25 mm3(width x length x thickness). Samples were placed in the apparatus and compressed it to 50 ± 1% of its 
original height. Then, apparatus was kept in a hot air oven at 70qC for 22 h. After the samples were cooled down to 
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room temperature, the samples were released from the metal panel and left then to recovery after specified time. 
Finally, the sample were measured a thickness and calculate the compression set value following by formula (1): 
                    (1) 
 Ct= compression set, t0 = original thickness of sample and tf = final thickness of sample. 
 
 
3. Results and Discussions 
3.1 Characteristic times 
  Characteristic times, which are cream time is noticed from the physical change of PU mixture. Whereas gel 
time rise time and tack free time of the foam were followed by noticingthe change of foam formed [1, 3].Thecream 
timecorrespondsto the time that reactive mixture become creamy after the reaction is started whereasgel time isthe 
initiation point of cross-linking formation such as urethane and urea linkage as well asallophanate crosslinking.Rise 
timeis the time that the reactive mixture is risng to almost completed foaming. Tack free time corresponds to the 
mixture that become tack free. As soon as the rising is finished the chemical reactions will be completed. 
 
Fig. 1. Characteristic times of polyurethane foams. 
  Fig.1 shows characteristic times of PUFs with various contents of EM-14001 polyol. It was seen that cream 
timeis insensitive to the increased of EM-14001 contents.While gel time of PUF0 is slightly longer than that of other 
PUFs which is made fromEM-14001.This is due to the functionality of EM-14001 (fn = 3.5) is higher than C.SA34-
05 (fn = 3.0). Therefor EM-14001 has more chanced to react initailly with isocyanate than C.SA34-05. Moreover, 
the high reactivity of reaction mixture might be caused by low viscosity of EM-14001 (179 mPa s at 25qC) 
compared to C.SA34-05 (272 mPa s at 25qC). At higher content of EM-14001, 30-50 %, rise time and tack free time 
was increased. This could be resulted from the secondary hydroxyl, as substituted OH group in the chain, contained 
in EM-14001 chain. These type of OH is less reactive than primary OH. Thus the increased in EM-14001 would 
take longer time for –NCO to finish reaction wiht the secondary –OH group [2]. At this certain moment of reaction, 
some –NCO groups might be in the state of unreacted as if the reaction system was stoichiometric imbalanced. In 
this particular case low molecular weight of polymers will be obtained. Sung Hee Kim et al. [11] has explained that 
the PUF containing low molecular weight polymer would resulted in low free surface energy and hence stickiness 
on the surface was persisted. This could increase tack free time. 
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3.2FTIR spectra 
  Firstly both polyol were characterized before used. The IR spectra of C.SA34-05 is showed in Fig.2(a). The 
peak at 3500 and 1100 cm-1 were found. It can be attributed to O-H stretching and C-O stretching respectively. 
Fig.2(b) shows the IR spectra of EM-14001. The characteristic triglyceride ester peak occurred at 1740 and 1170 
cm-1. They are attributed to C=O stretching vibration and C-O stretching respectively. The IR spectra of all PUFs are 
shown in Fig.2(c-h) indicating the appearance of characteristic N-H stretching peak of urethane linkage at 3300 cm-
1. The peak at 1540, 1220, 1100 and 1740cm-1 attribute N-H, C-N, C-O and C=O of urethane linkages. The peak at 
1690 cm-1 is corresponded to the stretching vibration of C=O in free urea [4]. The intensity of free urea was 
increased with the content of EM-14001. The free urea contents highly affect the mechanical properties of the foam. 
 
Fig. 2. IR spectra of (a) C.SA34-05, (b) EM-14001, (c) PUF0, (d) PUF10, (e) PUF20, (f) PUF30, (g) PUF40, and (h) PUF50. 
3.3Cell morphology and Cell size distribution 
  The cell morphology of PUFs observed by SEM is shown in Fig.3. It was found that the foam cell are all 
opened and the cell size was increased with the content of EM-14001 up to 20 wt%. At high EM-14001 content, i.e. 
30-50 wt%, cell size tend to be decreased. This is responsible to the density of foam which will be explained later.  
   In term of cell size distribution, it can be seen that at high contents of EM-14001 the distribution of cell size is 
narrower than low contents as display in the Fig.4. Almost natural oil based polyol is oleochemical binding nature 
that can act as emulsifier inducing dispersion of water droplet hence the bubble produced is small size and well 
distributed [12]. 
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Fig. 3. Cell morphology of (a) PUF0, (b) PUF10, (c) PUF20, (d) PUF30, (e) PUF40, and (f) PUF50. 
 
 
Fig. 4. Cell size distribution of (a) PUF0, (b) PUF10, (c) PUF20, (d) PUF30, (e) PUF40, and (f) PUF50. 
3.4Foam density 
Density of PUFs is the most significant parameter to control mechanical properties. Fig.5 shows that density of 
PUFs was decreased with EM-14001 content up to 20 wt%. Considering the mixture containing EM-14001, when 
the content of EM-14001 was increased, -NCO incorporated has to be increased due to the functinality of difference. 
Also, the secondary–OH groups,as mention previously, are less recative. Thus –NCO could be reacted with H2O and 
producing more CO2. This caused the foam to be less in density. On the other hand, density of PUFs was increased 
with high content of EM-14001, 30 to 50 wt%. This was the result from the decreased in cell size of the foam that 
contained 30 to 50 wt% of EM-14001. Beside EM-14001 (Mw = 3,161) actually has low molecular weight than 
C.SA34-05 (Mw = 7,471), hence low viscosity. This could lead to rapid gelling. The polymer chain formed become 
strong and hard to be expanded by CO2. The cell size was then small [13] compare to C.SA34-05 and low EM-
14001 contents. Therefore the density was increased. 
(a)                    PUF0 (b)              PUF10 (c)             PUF20 (d)              PUF30 
(e)                 PUF40 (f)              PUF50 
(a) PUF0 (b)PUF10 (c)PUF20 (d) PUF30 
(e) PUF40 (f) PUF50 
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Fig. 5. Density of polyurethane foams. 
3.5Tensile properties 
The blending of natural oil based polyol into petroleum based polyol significantly affects the tension properties 
of foams. In this research, tensile strength and elongation at break of PUFs was increased with EM-14001 contents 
up to 20 wt% content and the properties was decreased at higher EM-14001 contents. The results are showed in the 
Fig.6 (a). Hydrogen bonding between polymer chains is one of the factors effecting mechanical properties. In this 
system, low molecular weight polyol with more functionality could induce reaction and hence more urethanes 
linkage were formed. This led to high H-bonding and high tensile strength[13]. On the contrary, the increased of 
EM-14001 contents in 30 to 50 wt% there were more -NCO required. This can lead to the generating of urea 
microdomain and/or polyurea ball [14]. These rigid micro-domain push cohesive strength through hydrogen bonds 
introducing interceptions in mobility of soft segments and decreasing the tensile strength [15]. The decreased in 
elongation at break was caused by increasing of shortening of soft segment length of EM-14001 contents [10] 
 
Fig. 6 (a) Tensile strength and Elongation at break and (b) Tensile modulus of polyurethane foams. 
  The tensile modulus of PUFs is shown on Fig. 6 (b). It is shown that the modulus was decreased with the 
content of EM-14001 up to 20 wt% content. The soft foam led to low modulus foam. As mentioned previously, EM-
14001 is fatty acid chains and being soft segment in the PU chain. The more content of EM-14001 used the softer 
foam obtained. On the other hand, tensile modulus slightlyincrease when EM-14001 at 30 to 50 wt% was added. 
(a)  (b)  
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Again microdomain and/or polyurea ball was produced at these content hence modulus was increased. 
3.6 Compressive properties  
  The compressive properties of the PUFs is present in Fig. 7. The specific compressive modulus and strength of 
PUFs were measured at 50% deformation of original height at room temperature. It is carefully noticeable that the 
compressive properties are correlated with foam density.  
 
Fig. 7. Compressive strength and compressive modulus of polyurethane foams. 
3.7 Compression set 
The compression set of PUFs is presented in Fig. 8. The compression set is related to the recovery ability of 
the foams after being compressed at specified time and left then to recovery after specified time. It was found that 
compression set of PUFs were increased with EM-14001 contents. This is beacause the increasing of EM-14001 
contents led to the the increasing of urea linkages. Therefore, at the temperature of compression set testing, i.e. at 
70qC, the hydrogen bonds between N-H from urea linkages (hard segment) and O-H groups from polyol (soft 
segment) were weakened, allowing PUFs to be deformed. However, this deformation is permanent deformation as it 
could not be recoverable after unloading. Therefore the compression was increased with the content of EM-14001 
[13].  
 
Fig. 8. Compression set of polyurethane foams. 
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4. Conclusions 
x Petroleum based polyol was successfully replacedby natural oil-based polyol for synthesis flexible polyurethane 
foam.  
x The natural oil-based polyol content can be used up to 50 wt% for PUFs preparation using one shot 
polymerization. However the content of natural oil-based polyolused has effect on physical properties of the foam. 
x The tensile modulus, compressive modulus and compressive strength were related to foam density. The foam 
density decreased with increasing of EM-14001 contents up to 20 wt%. At high content of 30-50 wt% the propertied 
tend to be increased.  
x The elongation at break and tensile strength increased with the increased of EM-14001 up to 20 wt% and then 
decreased. Both propertieswere dependent upon balance of urethane linkages contents and generated urea 
microdomain and/or polyurea.  
x The increased of low molecular weight EM-14001 incorporated led to the increased of urethane linkages produced 
as a result tensile strength and elongation at break were improved. However, the more EM-14001 was added, more 
NCO was required. This result in the generating of urea microdomain and/or polyurea.Then mechanical properties 
was suffered.  
x The compression set of PUFs were increased withEM-14001 contents. This was caused by hydrogen bond 
between N-H of urea and O-H of polyol were weakened at 70qCled to easyto be deformed. This deformation was 
not recovery hence the compression set was increased. 
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